Using a simple semi-synthetic competence and sporulation medium (CSM), we found evidence that Bacillus subtilis cells transformed in the competence phase can sporulate, indicating that genetic information acquired during the competence phase is inherited by the next generation after germination of the transformed spores. Moreover, the results from mixed cell culture experiments suggest that spontaneous genetic transformation can occur between competent cells and DNA released from lysed cells in the natural environment. We also found evidence that the spontaneous transformation system can be used for genetic mapping in B. subtilis.
Bacillus subtilis, one of the best-characterized Grampositive bacteria, can develop competence and sporulate after the cessation of exponential growth. Both developmental pathways have been extensively studied at the molecular level. [1] [2] [3] [4] [5] [6] [7] The development of competence is part of a complex signal transduction network influenced by the level of nutrients in the environment and by cell density. [1] [2] [3] [4] [5] The ComK protein has been identified as a key transcription factor in the development of competence. 8, 9) During the exponential phase, ComK activity is inhibited by direct protein-protein interaction with MecA, which acts as an adaptor protein that targets ComK to the ClpCP protease for degradation. 10, 11) When cell density increases, the ComS protein, a 46 amino acid polypeptide encoded by the comS gene within the srf operon, 12) is fully synthesized by the activation of the ComP-ComA two component regulatory system. 5) ComS binds to MecA and thus liberates ComK from degradation by the ClpCP protease. 11) ComK protein can induce the transcription of recA as well as comK itself and all of the late competence genes (the comC gene and the comE, comF, and comG operons) that are essential for the uptake of exogenous DNA. 1, 2) On the other hand, sporulation is regulated in a more complex manner by over 200 genes that are expressed sequentially in a cascade of alternative sigma factors. 7, 13) The initiation of sporulation is dependent in part on the intracellular concentration of phosphorylated Spo0A, which is synthesized through a phosphorelay pathway 6, 14) and acts as the master regulator of sporulation. 15) Competence usually develops when cells are grown in a poor medium containing glucose, such as minimal glucose medium supplemented with a small amount of casein acid hydrolysate 16, 17) or yeast extract. 18) In contrast, sporulation usually develops by growing cells in a rich medium such as DSM, 19) by growing in a poor complex medium, 20) or by suspension in a poor medium. 21 ) Hence a simple medium in which both competence and sporulation can develop would be very useful for studying a global network system at the molecular level in both developmental pathways.
During the course of our study to develop such a novel semi-synthetic competence and sporulation medium (CSM) in which competence development starts soon after exponential growth ceases and sporulation can be initiated after the competence phase, we found that spontaneous genetic transformation occurred in a mixed cell culture without the addition of DNA, and showed that this spontaneous transformation in a mixed culture can be used for genetic mapping.
Materials and Methods
Bacillus subtilis strains and strain construction. The B. subtilis strains used in this study are listed in Table 1 . All strains are isogenic with RIK1285 (trpC2 lys-1 aprEÁ3 nprR2 nprE18) formerly designated UOT1285. 22 CCTCTTCA-3 0 ) regions of the comG operon. The underlined sequences represent the EcoRI/BglII (upstream) and BglII/BglII (downstream) restriction sites respectively. After PCR amplification, the fragments were cut with these restriction enzymes and ligated simultaneously with pBR322 EcoRI/BamHI digests and an erythromycin resistance cassette derived from pAE41 BglII/BamHI digests.
23) The recombinant plasmid obtained was linearized with ScaI and used to transform RIK1285 and an erythromycin resistant transformant was selected. Proper integration was confirmed by PCR amplification and the complete loss of Trp þ transformation activity. Spectinomycin resistance, aprE::spc, was introduced by transformation using the plasmid pAPNC213 24) DNA which was linearized with ScaI. The strain carrying ybaC::cat was kindly provided by Dr. Hirofumi Yoshikawa and the introduction of cat48(oc) mutation will be described elsewhere.
Media and culture conditions. The media used were LB, 25) LB agar, and 2 Â SG medium. 26) The culture conditions and media for preparation of competent cells have been described previously.
27) The composition of CSM is as follows: 6 g of KH 2 PO 4 , 14 g of K 2 HPO 4 , 2 g of (NH 4 ) 2 SO 4 , 1 g of trisodium citrate . 2H 2 O, 0.2% glucose, 0.02% casein acid hydrolysate (Amicase, Sigma), 1 mM MgSO 4 , 1 mM Ca(NO 3 ) 2 , 0.01 mM FeSO 4 , 0.1 mM MnCl 2 , and 50 g/ml of the required amino acids. When required, antibiotics were added at the following concentrations: ampicillin at 50 g/ml, chloramphenicol at 5 g/ml, rifampicin at 2 g/ml, streptomycin at 300 g/ml, spectinomycin at 100 g/ml, and erythromycin at 0.5 g/ml. The Min-CH medium 28) was Spizizen's minimal glucose medium supplemented with 0.05% amicase (Sigma).
Assay of transformation activity. Competence development was monitored by Trp þ transformation activity using 168 W chromosomal DNA. Aliquots of 0.1 ml of the culture were withdrawn and mixed with DNA solution at a final concentration of 1 g/ml. After incubation for 30 min at 37 C, Trp þ transformants were counted by plating the cells on Min-CH agar plates containing the required amino acids. DNase I (Sigma) was added as required at a final concentration of 30 g/ml.
Assay of -galactosidase activity. The -galactosidase activity was determined as described previously. 27, 29) Cells growing in CSM or 2 Â SG were collected at the times indicated and assayed for -galactosidase activity. One unit is equivalent to 1;000 Â A 420 /OD 600 /ml/min, where A 420 is the absorbance at 420 nm.
Western blot analysis. Cells were collected by centrifugation at the times indicated, resuspended in lysis buffer (50 mM Tris-HCl pH 8.0, 2 mM PMSF), and disrupted by sonication on ice. Aliquots of cell extracts containing 15 g of total protein were electrophoresed and transferred to polyvinilidene difluoride (PVDF) membranes (Millipore). Immunodetection procedures were carried out as described previously. 29) Anti-Spo0A antibody 29) and anti-ComK antibody 30) were used at a 1:10,000 and a 1:1,000 dilution respectively.
Results and Discussion
Gene expression specific for competence and sporulation in CSM First we examined sporulation efficiency in a competence development medium (Spizizen's minimal medium containing 0.02% casein acid hydrolysate Amicase, (Sigma), 0.5% glucose, and 50 g/ml Ltryptophan and L-lysine) supplemented with three metal ions, MnCl 2 , FeSO 4 , and Ca(NO 3 ) 2 , at the same concentrations as in Schaeffer's sporulation medium. 19) Under these conditions competence development was observed, whereas the transcription of the spo0A gene from a sporulation-initiation specific promoter, Ps, which is induced specifically at the onset of sporula- 41) and BD2243 39) chromosomal DNA respectively. RIK101 was constructed by inserting the chloramphenicol resistance (cat) gene in a region downstream of the spo0A gene. A rif1728 mutation was obtained by F.K. in 1970 and found to have the same base change as rpoB2, reported by Boor et al. 42) A cat48(oc) mutation has a substitution from lysine (AAA) to ochre (TAA) at the 48th codon of the cat gene. tion, 31) was almost completely repressed (data not shown), indicating that initiation of sporulation was inhibited by the relatively high concentration of glucose. 31) We therefore decreased the concentration of glucose in the medium, and found that the medium containing 0.2% glucose gave relatively high efficiency of sporulation as well as competence, though less efficiency than the competence development media widely used. We designated the medium CSM (competence and sporulation medium). Figure 1A shows the expression profiles of the various genes specific for competence and spore development when RIK1285 cells were grown in CSM with shaking at 37 C. B. subtilis RIK1285 cells grown on LB agar plates overnight at 28 C were inoculated into CSM at OD 600 ¼ 0:03 and incubated with shaking at 37 C. The exponential growth of the culture ceased after 3 h under these conditions. Transcription of the srf operon, containing one of the early competence genes, comS, was induced at approximately 2.5 h, then comK, which encodes a transcription factor for the late competence genes, and the comG operon, one of the late competence operons, were induced at 3 h and 3.5 h respectively. After full induction of comG-lacZ expression, the genes required for sporulation initiation, such as the spoVG and spo0A genes, were induced (Fig. 1A) . Western blot analysis also provided evidence that the intracellular ComK and Spo0A proteins were accumulating as the genes were sequentially transcribed (Fig. 1C ). In contrast to the situation in CSM, either the comK gene or the comG operon, one of the late competence genes, was not significantly induced at the transcription level in 2 Â SG medium, although the expression profile of the srf operon was quite similar to that observed in CSM (Fig. 1B) . These results indicate that late competence does not develop in rich sporulation media such as Schaeffer's sporulation medium and 2 Â SG, as reported by van Sinderen et al.
32)
Transformation activity and fate of the transformed cells in CSM Since various genes specific for competence and spore development are expressed in order of incubation time, time course experiments with the appearance of competent cells and heat resistant spores in CSM were carried out. Figure 2 shows the number of spores and Trp þ transformants obtained by DNA mediated transformation procedures at hourly intervals when cells were grown in CSM. Competence development was monitored by Trp þ transformation activity using 168 W chromosomal DNA as described in ''Materials and Methods''. The transformation activity was first detected Expression of -galactosidase activity in B. subtilis RIK1285 carrying the lacZ or bgaB transcriptional fusions with various competence and sporulation genes grown in CSM (A) and 2 Â SG (B). Symbols: , RIK52 (srfA-lacZ); , RIK715 (comG-lacZ); , RIK70 (spoVG-bgaB);
, RIK51 (comK-lacZ); , RIK10 (spo0A Ps-bgaB). Open and closed symbols are indicated by right and left axes respectively. (C) Intracellular levels of ComK and Spo0A proteins in RIK1285 cells grown in CSM. Two separate bands reacting with anti-ComK antibody were often observed in the gel when crude extracts were prepared from the cells in the competent phase, or from the cells in which the comK gene in a multicopy plasmid was over-expressed. We believe that both bands were ComK protein since these bands were not found in the comK mutant (data not shown).
at 2 h and peaked at 4-5 h after inoculation. Sporulation was initiated at 6-7 h (Fig. 1A) , and was complete by 17 h after inoculation (Fig. 2) . These results indicate that cells grown in CSM can initiate and carry out the entire sporulation process after the transition phase, in which a subpopulation of cells develops competence and results in Trp þ transformants. Next we asked whether the cells transformed during the transition (competence) phase could form spores when the culture was further incubated in CSM after the addition of DNA. Interestingly, as shown in Fig. 3A , the competent cells that had incorporated DNA and had been transformed sporulated under the conditions used here. It is thus most likely that the cells enter a stationary phase, develop competence, and then initiate sporulation in a sequential manner in the CSM. The maximum value of Trp þ transformation activity was observed at 5 h after inoculation. In contrast, the maximum number of Trp þ spores was obtained when DNA was added at 4 h after inoculation. The difference in the time of the two peaks between Trp þ transformants and Trp þ spores might be caused by the length of the exposure to the added DNA, since Trp þ transformants were obtained after only 30 min of incubation, whereas Trp þ spores reflected the results after incubation for a long time, until sporulation was completed. To eliminate the repeated transformation events which would occur during sporulation after the addition of DNA, DNase I was added to the cell culture at a final concentration of 30 g/ml after incubation with DNA for 30 min. The results are shown in Fig. 3B . Among total spores formed, Trp þ transformed spores were found at a frequency of 6:6 Â 10 À5 when cells were transformed by DNA at 5-5.5 h after inoculation. These results indicate that the genetic information acquired during the competence phase is inherited by the next generation after germination of the transformed spores, although the reason sporulation of the 5 h-and 6 h-cells is inhibited when the cultures were treated with DNase I is not yet understood.
Spontaneous genetic transformation in a mixed cell culture in CSM
It is known that induction of prophage in competent cells lysogenic for temperate phages such as 105 and SPO2 causes a reduction in the transformation frequency in wild-type lysogens, [33] [34] [35] suggesting that competent cells often lyse and release their chromosomal DNA. These results, taken together with the fact that with the development of competence nonlysogenic cells also lyse and release their chromosomal DNA into the medium, 36, 37) prompted us to examine the possibility that genetic transformation would occur spontaneously in a mixed cell culture without the addition of exogenous DNA. Two strains carrying different genetic markers were co-cultivated in CSM and the number of transformants of each strain at hourly intervals was scored by spreading the culture on selection agar plates (Fig. 4A) . Interestingly, either strain gave a significant though not high number of transformants as competence developed without the addition of DNA. No transformation activity was observed in a mixed cell culture when DNase I was added to the culture at a final concentration of 30 g/ml (Fig. 4B) . In addition, when a competence deficient strain carrying a deletion of the comG operon 38, 39) was cultivated with a competence proficient strain, only the competence proficient strain gave transformants (Fig. 4C) . It has been reported recently that a 13-kb and an approximately 50-kb chromosome DNA fragment in B. subtilis are secreted into the culture when cultivated in a standard rich medium, LB, and that their generation and secretion are both closely related to the expression of genes from the defective phage PBSX. These results, combined with our results stated above, strongly suggest that spontaneous genetic transformation in B. subtilis occurs between competent cells and chromosomal DNA fragments which are released from lysed cells as well as excreted from cells without lysis in the natural environment, and that the resulting genetic exchange is transmitted to germ spore cells. Disadvantageous mutants can be eliminated by homologous recombination during meiosis in higher organisms. In contrast, bacteria do not have such a system except for conjugative transfer like Hfr in E. coli. It appears likely, however, that B. subtilis can eliminate disadvantageous mutations with a spontaneous genetic transformation system as described in this paper. Thus in this system a number of prophages, such as SP, PBSX, and other prophages, 13) may play an important role in providing donor DNA. This may be, one of the reasons B. subtilis accommodates such a prophage in its genome even after a long period of evolution.
Genetic mapping using a spontaneous transformation system
In order to examine whether spontaneous transformation can be used for genetic mapping, we constructed a donor strain, RIK178 (hisC101 lys-1 comGÁ1::erm ybaC::cat rif1728 strA7 spo0H1 nprR2 nprE18 aprEÁ3), and a recipient strain, RIK180 (trpC2 leuA8 ybaC::cat48 nprR2 nprE18 ÁaprE::spc). Since the efficiency of transformation in CSM is always lower than that in the usual media for competent cell preparation, such as minimal glucose media containing small amounts of casein hydrolysate 17) or yeast extract, 18) we carried out spontaneous transformation experiments using minimal glucose medium containing 0.05% yeast extract 18) as a competence-inducing medium. The results are shown in Fig. 5 . After the mixed cell culture was incubated for 5 h at 37 C, amino acid requiring markers such as Leu and Lys were selected by plating the cells on the minimal glucose agar supplemented with other required amino acids, and the remaining culture was further incubated at 37 C after 20-fold dilution with LB to allow full expression of rpoB1728 (Rif r ), strA7 (Sm r ), and other antibiotic resistance genes. In this experiment, the fact that Leu þ transformants were obtained at a frequency of about 10 3 /ml even at 0 and 1 h after inoculation reflects the result that transformation occurred on agar plates because DNase I treatment was omitted. All of the 70 Lys þ transformants tested were found to exhibit the spectinomycin resistance phenotype, and one showed an erythromycin resistance phenotype. This result clearly indicated that all of the Lys þ transformants were actually derived from a competent proficient strain RIK180 by congression.
RIK180 cells were cultivated with RIK178 cells in the competence-inducing medium at 37 C for 5 h and the mixed culture was then diluted 20-fold with LB. After further incubation for 2 h at 37 C, Rif r , Sm r , and Cm r transformants were obtained by plating the cells on the LB agar containing 100 g/ml of spectinomycin supplemented with 2 g/ml of rifampicin, 300 g/ml of streptomycin, and 5 g/ml of chloramphenicol respectively (Table 2 and Fig. 6 ). For comparison with these results, we performed the usual transformation experiments using RIK178 chromosome DNA at a concentration of 0.01 g/ml. The results are also shown in Table 2 and Fig. 6 . When genetic mapping experiments are carried out, it is very important to know how frequently a multiple event transformation (congression) occurs because frequency of congression should be subtracted from the frequency of co-transformation. Under the experimental conditions used here, as shown in Table 3 , congression of Rif r , Str r , and Cm r selected markers for each unlinked marker of Leu, Trp, and Em r occurred at frequencies between 1% and 4%. In addition, triple event transformation was found at 1% or 2%. These results clearly indicated that genetic linkage values over 5% of co-transformation frequency can be trusted when spontaneous transformation is The spontaneous genetic transformation frequency was determined by directly plating the culture on the selection medium agar at the times indicated. RIK178 and RIK180 cells precultured on LB agar plate at 28 C overnight were separately suspended in competence-inducing medium (minimal glucose medium containing 0.05% yeast extract, 50 g/ml of L-tryptophan, L-lysine, L-histidine, and L-leucine) to give 0.046 at OD 600 nm , mixed with equal volumes and then incubated at 37 C with shaking. The culture was diluted 20-fold with LB at 5 h after inoculation and incubated further at 37 C with shaking. Cm r Spc r cells, Rif r Spc r cells and Sm r Spc r cells were selected by plating the culture on LB agar containing 100 g/ml of spectinomycin plus 5 g/ml of chloramphenicol, 2 g/ml of rifampicin, and 300 g/ml of streptomycin respectively. Relative distances calculated from the data presented in Table 2 between four defined genetic markers are expressed as 1 -frequency of co-transformation of the markers. The region about 20 kb downstream of spo0H in the B. subtilis chromosome is shown with numbering (in kb), and each point mutation, rif1728, strA7 43) and ybaC::cat48(oc) is also indicated with numbering (in bp) from the altered base of the spo0H1 44) mutation. Open and shaded bars indicate the landmark genes used in mapping. Upper and lower genetic maps in the figure are drawn from the results obtained by normal and spontaneous transformation experiments respectively. kb to 35-kb in length, used in normal transformation experiments. Hence it appears unlilely that the 13-kb chromosome DNA fragments spontaneously generated in exponentially growing cells as reported by Shingaki et al. 40) are involved in the spontaneous transformation system as major donor DNA fragments, although we have not yet examined whether a PBSX deleted mutant can serve as a donor in the spontaneous transformation system. In any case, the spontaneous transformation system, as described in this paper, should be useful for mapping mutations up to about 20 kb in length, because chromosomal DNA doesn't have to be extracted from donor cells. But further biochemical studies are needed to clarify the molecular mechanism underlying the spontaneous transformation system to give insight into the biological significance not only of homologous but also of heterologous genetic exchange among bacterial cells in natural environments.
